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Traffic noise is one of the major sources of noise pollution in metropolitan regions causing
various health hazards (e.g., long-term sleep disturbance, increase in blood pressure,
physical tension, etc.). In this research, noise prediction models, which can measure the
noise level experienced by the commuters while driving or traveling by motorized vehicles
in the Mumbai Metropolitan Region, India, were developed. These models were developed
by conducting a comprehensive study of various factors (e.g., vehicle speed, traffic volume
and road characteristics, etc.) affecting the levels of concentration of noise. A widespread
data collection was done by conducting road trips of total length of 403.80 km via different
modes of transport, such as air-conditioned (A/C) car, non A/C car, bus and intermediate
public transport (i.e., traditional 3-wheeler autos). Multiple regression analyses were per-
formed to develop a functional relation between equivalent noise levels experienced by
passengers while traveling (which was considered as a dependent variable) and explana-
tory variables such as traffic characteristics, vehicle class, vehicle speed, various other
location characteristics, etc. Noise levels are generally higher in the vicinity of intersections
and signalized junctions. Independent data sets (for each mode of transport) were used to
validate the developed models. It was noted that maximum differences between observed
and estimated values from the model were within the range of ±7.8% of the observed value.
© 2016 Periodical Offices of Chang'an University. Production and hosting by Elsevier B.V. on
behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to the increasing urbanization and growing traffic levels
(with approximately more than 7.5% growth rate per annum),
more andmore Indianmetro cities are required to address the1; fax: þ91 22 2572 7302.
. Velaga).
al Offices of Chang'an Un
'an University. Production
se (http://creativecommoimpact of noise pollution (CPCB, 2008; Kumar et al., 2014;
Ministry of Road Transport & Highways, 2011). A survey con-
ducted by the Central Pollution Control Board (CPCB), India,
concluded that noise levels in all Indian metro cities were
higher than the permissible limits (CPCB, 2008). Road traffic is
themost widespread source of noise pollution in a majority ofiversity.
and hosting by Elsevier B.V. on behalf of Owner. This is an open
ns.org/licenses/by-nc-nd/4.0/).
Table 1 e Noise pollution effects (Pachiappan and
J. Traffic Transp. Eng. (Engl. Ed.) 2016; 3 (4): 380e387 381the metro cities (particularly in developing countries), and is
the most prevalent cause of ill effects to public (CPCB, 2007).
As per the ministry of Environment and Forest, Government
of India, noise standard levels (ambient noise levels
experienced due to vehicle at running stage) recommended
(day time) for automobiles are 75 dB in industrial areas,
65 dB in commercial areas, 55 dB in residential areas and
50 dB in silence zones.
In Indian metro cities similar to Mumbai, day-to-day travel
and commuting could be considered as a predominant daily
activity, which leads to exposure to very high noise levels.
According to a recent survey, 1 in 4 workers in India commute
over 90 min/day; and Mumbai being the business hub of India,
even larger durations of travel time can be predicted (DNA,
2010). A survey conducted in Mumbai concluded that the
average one way commute is 41 min, although 41 percent of
Mumbai commuters have to travel over three quarters of an
hour each way (India Express, 2011). Time spent commuting
in Mumbai commuting is higher compared with other cities;
therefore, it became imperative to calculate the daily
commuters' in-vehicle noise exposure in Mumbai. Ambient
noise levels are measured at outside the road infrastructure
and copious research work has been done in this direction.
However, in-vehicle noise levels (i.e., noise levels
experienced by a commuter while he or she is traveling)
were not modeled under Indian traffic condition (Banerjee
et al., 2008; Ingle et al., 2005; Kumar et al., 2014). For instance,
the application of such in-vehicle noise models may give
indication to daily commuters about their noise exposure
and it may also help policy makers in introducing new
modes of transportation (e.g., a new public transport mode).
Unlike the other developed countries, in India, in addition
to vehicle engine noise and noise due to the interaction be-
tween road surface and tires, the major source of noise is due
to vehicle horns. Due to the lack of proper traffic system and
driver discipline, high traffic volumes and congestion, drivers
use horns frequently throughout their commute. Various
research papers have proposed a range of models to quantify
the traffic noise levels at different traffic volumes, locations
and times (Cho and Mun, 2008; Ramirez and Dominguez,
2013; Seong et al., 2011; Suksaard et al., 1999). However, as far
as authors are concerned, there has been nomodel developed
to estimate the traffic noise level exposure by a passenger
while he or she is traveling on the road. In this research,
authors considered different modes of transport (air-condi-
tioned car, non A/C car, bus and intermediate public trans-
port (i.e., traditional 3-wheeler autos), etc.) when developing
different traffic noise prediction models. Observed traffic
noise data was collected according to the vehicle type and
type of road surface (bitumen and concrete) in order to
develop and validate a range of models.Govindaraj, 2014).
Effects Examples
Physical effects Hearing defects
Physiological effects High blood pressure, irregularity of
heart rhythm and ulcers
Psychological effects Sleeplessness and going to sleep
late, irritability and stress
Effects on work performance Reduction of productivity and
misunderstanding what is heard2. State-of-the-art literature and research
motivation
2.1. Noise pollution effect
An inappropriate noise level for a considerable duration is
referred to as noise pollution, which affects the physical andpsychological characteristics of people exposed to this kind of
volume (Ohrstrom et al., 2006). Various research studies have
been done in the prospect of noise pollution, and its effect on
human health are currently underway (Passchier-Vermeer
and Passchier, 2000). As per Pachiappan and Govindaraj
(2014), depending on the level of noise and its duration, the
effect of noise on human health can be divided into four
categories, which are explained in Table 1 (Pachiappan and
Govindaraj, 2014).
Road traffic noise has an adverse effect on the human
sleeping cycle, such as observed short-term effects, prolonged
sleep latency, shallow sleep and reduction in overall sleep
(Ohrstrom et al., 2006). Long-term exposure can cause
behavioral, psychological and physiological stress (Babisch
et al., 2001). Irreversible hearing loss can result due to the
prolonged exposure to high-intensity noise (Lusk, 1997).
Sufficient evidence for a causal relationship between noise
exposure and hearing impairment, hypertension, ischemic
heart disease, annoyance and sleep disturbance has been
established in a review article by Passchier-Vermeer and
Passchier (2000). In addition, exposure to noise has an
undesirable effect on children's health. Those exposed to
road traffic noise for a long period of time face an increased
risk of chronic stress hormone regulation disturbances (Ising
and Ising, 2002). Zhao et al. (1991) has established a logistic
regression to indicate noise exposure as a significant
determinant of hypertension prevalence. Significant findings
have been established against the relation of noise and
cardiovascular diseases and extended noise exposure can
contribute to the prevalence of cardiovascular diseases (Van
Kempen et al., 2002).2.2. Noise level modeling
Abo-Qudais and Alhiary (2007) developed statistical models
using 14,235 noise level measurements, which established
the relations between equivalent noise level, traffic volume,
traffic speed, distance, percentage of heavy vehicles, and
road roughness. Filho et al. (2004) developed empirical
expressions with reasonably good correlation indexes to
analyze the effect of traffic composition on the noise
generated by typical Brazilian roads by plotting noise levels
against the composition of the traffic.
Ogle et al. (1996) examined the influence of vehicle speed
on the noise spectra produced by motor vehicles and
developed a mathematical relationship to predict the shift in
frequency spectra and subsequent change in dominant
J. Traffic Transp. Eng. (Engl. Ed.) 2016; 3 (4): 380e387382frequency. Samuels (1992) developed a method for the
prediction of traffic noise at relatively uncomplicated
signalized intersections. Measured and predicted traffic
noise levels were compared at selected intersections in
Australia and New Zealand. Abo-Qudais and Alhiary (2005)
evaluated the major factors affecting traffic noise levels at
40 signalized intersections by collecting traffic noise levels
and the factors expected to affect noise. Equivalent noise
levels were found to be mainly dependent on traffic volume.
Maximum noise levels were found to be dependent on the
number of heavy vehicles passing through the intersection
and horn effects. And lastly, minimum noise levels were
found to be dependent on pavement surface texture.
Zuo et al. (2014) explored the temporal and spatial
variability of traffic noise in Toronto and observed that noise
variability was predominantly spatial in nature (rather than
temporal). Independent variables, such as traffic volume,
length of arterial road, and industrial area, explained the
majority of the spatial variability of noise. Noise generated
due to traffic is related to the parameters such as pavement
type, vehicle speed, and traffic composition, etc (Freitas
et al., 2012). Sound generated due to the interaction between
tire and road type also contributes to traffic noise. Pavement
surface characteristics are the major factors towards the
noise generated due to tire and pavement interactions (Liao
et al., 2014). Normally, passengers or drivers spend most of
their time inside the vehicle during their trip rather than
outside vehicle or on-road atmosphere. Steele (2001)
reviewed the existing noise prediction models generated
over the last few years for the traffic noise prediction, which
are explained in Table 2. All are reviewed models for
prediction of ambient noise levels, which shows that a range
of parameters was contributing to the source as traffic noise.
Author studied all these parameters, while traveling on a
vehicle, in order to model the in-vehicle traffic noise
experienced by a commuter.
Many research studies have been done on noise levels
experienced outside of a vehicle due to traffic, but not inside
the vehicle (Banerjee et al., 2008; Ingle et al., 2005; Kumar et al.,
2014). Since the time spent in commuting in Mumbai is higher
when compared with other cities, it became imperative to
calculate the daily commuters' in-vehicle noise level exposure
in Mumbai.
Most traffic noise prediction models are developed for the
ambient noise levels since noise pollution effects on theTable 2 e Traffic noise models.
Model Country Propagation
FHWA STAMINA USA Energy type Tr
FHWA TNM version 1.0 USA Energy type Tr
en
CoRTN UK Energy type Tr
da
MITHRA France Simple stream Tr
RLS 90 Germany Energy type Tr
en
STL-86 Switzerland Energy type Tr
ASJ-1993 Japan Mathematical
(velocity potential)
Tr
gehumans are directly related to the ambient noise levels
experienced by them. Moreover, for the impact analysis of the
urban roads, noise levels experienced by commuters were not
used. This paper is intended to fill this gap. It aims to develop
noise prediction models for commuters, while they are trav-
eling by considering the factors such as road surface type, type
of car, traffic volume and speed, etc. Authors have not
considered the land-use patterns of surrounding areas for the
reason that in the case of road side noise monitoring (e.g.,
noise modeling for pedestrians and residents), the land-use
pattern will be one of the influencing parameters. However, in
this case, the objective is to model in-vehicle noise exposure
by commuters.3. Data collection
Data was collected for various modes of transport such as
buses, car (with and without air-conditioning facility) and
intermediate public transport (i.e., traditional 3-wheeler
autos).
3.1. Site selection
Six routes have been selected to ensure that most of the
Mumbai Metropolitan area has been covered ranging from
Powai in northeast to Bandra in west, Kandivali in northwest
to Bandra in west, Bandra inwest to Colaba in south, Colaba in
south to Powai in northeast (for details see Table 3). Factors
considered when selecting routes were the availability of
bus services, inclusion of various types of road links, vehicle
composition and activities in nearby area.
3.2. Instrumentation
A real-time noise level meter-SL 1352 was used to collect the
noise levels for second-by-second time intervals in the field.
Noise level meter instrument uses data logger facility which
gives noise level absorbed with respect to the time of obser-
vation. Noise level meter was mounted on a tripod at a height
corresponding to the ear-level of an average person's height
when they sit inside a vehicle to calculate an accurate noise
level experienced by the commuter while traveling inside the
vehicle. A Trimble Juno SB-500 series hand-held GPS was
carried throughout the experiments inside the test vehicle toInput parameters considered
affic volume, vehicle speed, road effect and environmental data
affic volume, traffic composition, vehicle speed, road type,
vironmental data and local characteristics
affic volume, traffic type, vehicle speed, road effects, environmental
ta and percentage of heavy vehicles
affic volume, traffic type, road effects and environmental data
affic volume, traffic composition, road effects, parking data and
vironmental data
affic volume, traffic type, road effects and environmental data
affic volume, traffic type, road effects, vehicle speed and barrier
ometry
Table 3 e Data collection routes.
Road
section
Route
length
(km)
Mode
of
travel
Bandra to Fort 25.1 Bus, A/C car, non A/C car
Fort to Chembur 19.5 Bus, A/C car, non A/C car
Chembur to IIT
Bombay
12.5 3-Wheeler intermediate public
transport (IPT), bus, A/C car, non A/
C car
Kandivali to
Bandra
19.8 3-Wheeler IPT, bus, A/C car, non A/C
car
IIT Bombay to
Kandivali
15.1 3-Wheeler IPT, bus, A/C car, non A/C
car
Bandra to IIT
Bombay
20.1 3-Wheeler IPT, bus, A/C car, non A/C
car
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time were synchronized. While processing the data, the GIS
software was used to extract all the required geographical
parameters.3.3. Field trips
A total of 22 trips were conducted through different types of
vehicles equipped with the GPS and noise level meter.
Characteristics such as number of lanes and signals, type of
road surface and intersection areas were noted in a survey
sheet as per the GPS time while traveling inside the vehicle.
To neglect the effect of variation in self-vehicle parameters
on data collection, the same car was used for all ‘inside car’
data collection (both A/C and non A/C). While collecting
data from non air-conditioned car, windows of the car were
kept open. To collect noise level data inside buses, authors
traveled as common passengers with the sound level
meter instrument and GPS device. In terms of bus, the noise
levels are due to the operation of bus, and the surrounding
vehicles, as well as commuters' activities. Mode-wise
trip duration and data collection points are explained in
Table 4.
Intermediate public transport (i.e., traditional 3-wheeler
autos) are more susceptible to higher noise levels due to its
comparatively open structure and low height (much closer to
the ground than any other vehicles considered in the study).
Sound level meter was mounted on the rear seat of the auto
where passengers sit. To neglect the effect of variation in self-
vehicle parameters on data collection, the same autowas used
for all data collection.
During data collection, it was observed that for more than
50% of the total travel time, noise levels were higher thanTable 4 e Data collection.
Mode Duration Length (km)
Car with air-conditioning 7 h 38 min 112.1
Car without air-conditioning 8 h 2 min 112.1
Auto 3 h 57 min 67.5
Bus 6 h 42 min 112.170 dB, which means a normal passenger exposes to more
than 70 dB of noise for at least 50% of his/her total trip time. In
some cases, abrupt increases in noise levels (above 90 dB)
were observed due to vehicle horn. Generally, in congested
traffic condition in India, vehicles will be very close proximity
to each other, further noise due to horn leads to high noise
levels to commuters. Average noise levels observed inside a
non air-conditioned car and air-conditioned car were deter-
mined to be 70.80 and 65.64 dB, respectively.4. Methodology
Based on the literature review conducted, various factors
affecting a commuter's daily noise pollution exposure during
travel were identified. Noise levels experienced by a pas-
senger inside a vehicle were dependent upon traffic param-
eters, such as vehicle composition, speed distribution, traffic
volume and congestion on the road (Filho et al., 2004; Ger-
ardo et al., 2013). In this study, authors have tried to find out
how different types of pavement, vehicle speeds and traffic
densities affect a commuter's noise level exposure while
traveling inside a vehicle. For this study, noise level was
measured during both peak hour and non-peak hour flows.
On-road traffic volumes and test vehicle speeds were also
considered in traffic parameters. Number of lanes and road
surface types (bitumen or concrete) were considered in road
infrastructure parameter. Areas near intersections had
higher noise pollution mainly because of congestion and
vehicle horn. Data was extracted and coordinated with the
synchronization of the GPS time and noise meter.
Geographical information of the trips was necessary to
determine the number of lanes and intersection area details.
It was obtained from the data collected through the GPS
device, and was later processed in GIS software. KML files
obtained from GPS data were processed through Google Earth
to obtain geographical information. Traffic volume was ob-
tained with the help of a transportation planning software-
CUBE. A network file for the CUBE software was created by
the Transportation System Engineering group, IIT Bombay,
Mumbai. CUBE provided the traffic volume counts corre-
sponding to travel time for each road link in the network.
Traffic volume counts obtained from the software were
verified for all the end lines and corridors. Volume of
each section of the road in the network was obtained
from the CUBE. Width of roads was recorded in the form
of number of lanes. The overall methodology is shown in
Fig. 1.
Mathematical relationships were developed by multiple
regressions of all traffic and road infrastructure parameters
as independent variables, and noise level experienced by a
commuter, while traveling inside the vehicle as a dependent
variable. Separate models were developed for each mode of
transport and for different types of roads for each study area
(bitumen and concrete). Various transportation infra-
structural facilities, such as abnormal curvature and
gradient, were not considered while modeling the proposed
model.
Fig. 1 e Methodology.
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5.1. Noise modeling
In this study, multiple regression modeling was considered to
build the functional relationship between noise and multiple
independent parameters. For developing the models, authors
initially considered all previously mentioned independent
variables for the regression analysis. Furthermore, a step-by-
step independent variable drop-off method (based on t-sta-
tistics and R-squared values) was adopted to arrive at the final
model. Eight different models were developed for each type of
road surface and vehicle. These models are shown in Table 5.
Selection of influencing variables was done in accordance
with a correlation analysis. The methodology utilized for the
selection of independent variables is explained in Fig. 2.
Based on the correlation coefficient magnitudes, variables
were selected for multiple regressions.
In Table 5, NCcAC is the noise level in decibel inside a car
with air-conditioning for concrete pavement, NBcAC is the
noise level in decibel inside a car with air-conditioning for
bitumen pavement, NCcNAC is the noise level in decibel inside
a car without air-conditioning for concrete pavement, NBcNAC
is the noise level in decibel inside a car without air-
conditioning for bitumen pavement, NCAuto is the noise levelTable 5 e Mathematical models.
Model no. Type of vehicle Type of road
1 Car with air-conditioning Concrete road NCcAC ¼ 61.
2 Bitumen road NBcAC ¼ 61.
3 Car without air-conditioning Concrete road NCcNAC ¼ 6
4 Bitumen road NBcNAC ¼ 6
5 3-Wheeler IPT Concrete road NCAuto ¼ 7.
6 Bitumen road NBAuto ¼ 7.
7 Bus Concrete road NCBus ¼ 76.
8 Bitumen road NBBus ¼ 74.in decibel inside an auto for concrete pavement, NBAuto is the
noise level in decibel inside an auto for bitumen pavement,
NCBus is the noise level in decibel inside a bus for concrete
pavement, NBBus is the noise level in decibel inside a bus for
bitumen pavement, N is the number of lanes on the road, I
is the intersection area (1 for an intersection area and 0 for
other road sections), V is the traffic volume in PCU in both
the direction, S is the speed of the vehicle in meter per
second.
Note that in model 1, for the case of a car with air-condi-
tioning and a concrete road, R-squared value obtained was
0.78 with higher t-distribution values than regression model
without constant. A higher value of coefficient indicates that
intersection areas have more effect on the noise level expe-
rienced by a passenger inside an air-conditioned car. An
extremely low value of coefficient V indicates that it has very
less significant effect on noise level exposure. A constant
value of 61.693 may be observed due to car engine noise,
which is significant in the non air-conditioned car. R-squared
value obtained in model 2, for the car with air-conditioning
and bitumen road type was 0.72. Slight changes in the coeffi-
cient indicate that there is no significant change in noise level
due to the road type. Themodel has a constant value of 61.611,
which indicates the residual value of noise even if the car is
running alone on the road.
Models 3 and 4 are corresponding to the case of the car
without air-conditioning and road type of concrete and
bitumen, respectively. R-squared value obtained for model 3
was 0.78. The coefficient value of zero for vehicle speed in-
dicates that there is no significance in air-conditioned car. But,
a larger constant value is seen,whichmight be due to the open
ventilation in non A/C car. R-squared value obtained for the
model 4 was 0.75. In this case, speed coefficient value of zero
indicates that speed has no significance in an air-conditioned
car for both concrete and bitumen pavement types. There is a
very small change between the coefficient values in models 4
and 3, which indicates that the road pavement type has a very
less effect on noise levels experienced by a commuter inside a
car with air-conditioning.
Note that model 5 for intermediate public transport (IPT)
(i.e., traditional 3-wheeler auto mode) on a concrete road, R-
squared value obtained was 0.82. Very large values of coeffi-
cient of speed indicated a high correlation with noise level
inside the auto. Autos are an open structured vehicle, and
person traveling inside an auto is more susceptible to higher
noise levels compared with any other vehicle considered inModel R-squared value
993 þ 0.067N þ 7.311I þ 0.001732V þ 1.9924S 0.78
611 þ 0.211N þ 7.14I þ 0.0007621V þ 0.1404S 0.72
9.624 þ 0.0876N þ 2.675I þ 0.0019V 0.78
9.611 þ 0.0875N þ 2.678I þ 0.0022V 0.75
5783N þ 24.4503I þ 0.00153V þ 0.823S 0.82
394N þ 15.4195I þ 0.00027V þ 0.82S 0.76
0896 þ 0.2242N þ 8.3834I þ 0.00214V þ 21.7632S 0.82
021 þ 0.22362N þ 8.410I þ 0.002V þ 20.9894S 0.84
Fig. 2 e Selection of independent variables.
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bitumen road type pavement was 0.76. It also has a higher t-
statistics value than model obtained considering constant. In
addition, a higher value of the coefficient of speed also in-
dicates that vehicle speed has high correlation with noise
level inside the auto. Value of coefficient corresponding to
‘intersection area’ obtained in model 5 is higher than that of
coefficient obtained in model 6, because the majority of the
intersections with high capacity of traffic volume are of con-
crete pavement in the study area network.
R-squared value obtained for model 7, for vehicle type bus
and concrete road type was 0.82. An extremely high constant
value indicates that, evenunder the steady condition, a person
inside a bus will be exposed to noise levels of approximately
76 dB. This is because of very high noise levels from the bus
engine. The bus ventilation is open (no air-conditioned); this is
also one of the reasons for high decibel noise level inside the
bus.Note that inmodel8, forvehicle typebusandbitumenroad
type, the R-squared value obtained for the above model was
0.84. In this case, a very high constant value indicates that,Fig. 3 e Validation. (a) Auto. (b) Bus. (c)evenunder thesteadycondition,aperson insideabuswillhave
a noise level exposure of approximately 74 dB.6. Validation
A diagonal test was applied to test the model results (Fig. 3).
This graphical method tested the deviation of data from the
predicted and measured values of traffic noise using a 45
line. The data used for validation was not part of data
considered for model development. Furthermore, the
validation was carried out for all the developed models.
Observed noise values were found to be in the range of
about ±7.8% for the estimated value from the models with
consideration of all types of roads and vehicles. This
signifies that models obtained from the multiple regression
modeling are significant with good probability. The paired t-
test was used for model testing to determine a goodness-of-
fit. A paired t-test yields that t-statistic values were less than
the 5% significant for all types of vehicles.Car with non A/C. (d) Car with A/C.
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Road transportation is one of the major sources of noise
pollution in urban area. From this study, it was observed that
in-vehicle noise pollution was more than 70 dB for 50% of a
person's commute. Due to the lack of proper traffic systemand
driver discipline, a high decibel noise is made during a trip.
Due to the congestion and lack of enforcement, drivers use
horns for significant part of their trip, which usually leads to
high noise levels (above 90 dB). Even when the vehicle is not
moving, a person will be exposed to average noise level of
more than 67 dB because of vehicle horns, vehicle engine
noise, noise due to adjacent vehicles, etc. Intersection area is
prone to noise levels above 72 dB in most of the peak hour
traffic situations because of heavy traffic and noise due to
vehicle horns. Average noise level experiencedwhile traveling
inside a non A/C car was 71.8 dB while that in an A/C car was
65.6 dB. Additionally, the average noise levels experienced
inside the auto and bus were 76.6 and 78.0 dB, respectively.
The constant values obtained inmodels can be linkedwith the
noise emitted by the test vehicle (i.e., noise generated by the
engine, body interior noise, etc.). Most of the public transport
buses in the study area are old, and their enginesmake a large
amount of noise during acceleration and gear change. It was
identified that maximum differences between observed and
estimated values from the model were within the range of
±7.8% of the observed value.r e f e r e n c e s
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